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Abstract Ploycyclic Aromatic Nitrogen Heterocycles (PANHs) are a widespread class of water pollutants
that are known to cause serious human health problems; and the demand for effective adsorbents for the
removal of toxic compounds is increasing. In this work Ordered Mesoporous Carbon (OMC) was prepared
by using SBA-3 silica mesoporous molecular sieves as hard template. Then, Cu(II) modified mesoporous
carbon molecular sieves, Cu2+-OMC, was prepared through wet impregnation of OMC by CuSO4 · 5H2O.
Orthophenanthroline (OP) and 2, 2′-bipyridine (BP) were used as probe molecules to investigate their
adsorption behavior on Cu2+-OMC. The synthesized mesoporous sample is used as a sorbent for fast and
highly efficient removal of OP and BP from contaminated waters. The isotherms of OP and BP on Cu2+-
OMC are well simulated by a Langmuir adsorption model. Theoretical studies show that the adsorption
kinetics of OP and BP on Cu2+-OMC can be well depicted by using a pseudo-second-order kinetic model.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Much research on Polycyclic Aromatic Hydrocarbons (PAHs)
has been focused on homocyclic compounds. However, two-
thirds of the aromatic compounds known are heterocyclic, hav-
ing in-ring substitutions of oxygen, sulphur, and/or nitrogen [1].
Polycyclic Aromatic Nitrogen Heterocycles (PANHs) are such
a group of heterocycles, containing nitrogen atoms. This makes
them better soluble in water than their homocyclic analogues,
and, consequently, perhaps also more bioavailable [2]. They
are found in many products and industrial and/or agricultural
waste materials [3].
Orthophenanthroline and 2, 2
′
-bipyridine are two examples
of the PANHs. They are generally used in chemical and
pharmaceutical industries, agriculture, water treatment, dyes,
and others. Thus, significant amounts may be found in the
corresponding wastewaters [4–9].
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doi:10.1016/j.scient.2012.07.004Control of water quality is becoming a significant prob-
lem in many areas. To ensure the protection of natural wa-
ter resources, as well as establishing sustainable water supply
systems, it is important to develop efficient water treatment
processes. Since persistent organic substances slowly biode-
grade and are highly toxic, they cause significant damage to nat-
ural water systems and consequently to human health [10–13].
Therefore, water treatment and the recycling of polluted and
waste water are the best approaches to obtaining safe water for
our routine activities.
Various methods for water purification and recycling have
been developed and used [14–19]. The most important are re-
verse osmosis, ion exchange, electrodialysis, electrolysis and
adsorption. Among these, reverse osmosis, ion exchange, elec-
trodialysis and electrolysis are costly technologies, while ad-
sorption is a fast, inexpensive and widely applicable technique.
Moreover, it can be widely applied for the removal of soluble
and insoluble contaminants and biological pollutants with high
efficiency of 90%–99% [19].
For the abatement of orthophenanthroline and 2, 2
′
-
bipyridine pollution, an adsorption method using activated
carbon or mineral clay as the sorbent was investigated [20–23].
Activated carbon has been a dominant adsorbent in the
liquid-phase adsorption, especially inwastewater treatment. In
principle, the prominent adsorption performance of activated
evier B.V. Open access under CC BY-NC-ND license.
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pore structure and large specific surface area. However, earlier
research showed that micropores (<2 nm) were dominant
in common activated carbons, so that bulky molecules or
macromolecules cannot easily penetrate into the micropores
and adsorb onto them. Therefore, the performance of common
activated carbon in bulky molecules adsorption is rather
constrained, due to the microporous nature of activated
carbon [24–26].
In 1992, the discovery of the ordered mesoporous materiall,
MCM-41, opened up a new research field in mesoporous
materials thatwere highly desirable for application in processes
that involve largemolecules [27]. Mesoporous carbonmaterials
with three-dimensional pore systems were prepared from
mesoporous silica templates, such as MCM-48, SBA-1 and SBA-
15, using sucrose as the carbon source by Ryoo et al. [28,29],
Joo et al. [30] and Jun et al. [31]. These materials possess a well-
ordered pore structure, high specific pore volume, high specific
surface area, and tunable pore diameters in themesopore range.
SBA-3-type mesoporous molecular sieves were synthesized
at room temperature under acidic conditions [32]. Their
synthetic procedure is similar to that for SBA-15, except
that different templates are used. SBA-3 has been noticed to
contain some micropores [33,34] (ca. 30% of the total pore
volume), significantly larger than those in SBA-15 (6%–16%).
Some micropores cross-link the primary cylindrical mesopores
in SBA-3, so that micropore containing SBA-3 can be used as
a template to produce ordered carbon molecular sieves, as
reported in the literature [34].
In this work, highly ordered mesoporous carbon molecular
sieves were synthesized using mesoporous SBA-3 silica with
various pore diameters as template, and thenmodified by Cu+2
ions. The structural order and textural properties of the syn-
thesized materials were studied by XRD and Nitrogen adsorp-
tion–desorption analysis. The purpose of the present study is
to investigate the adsorption characteristics of orthophenan-
throline and 2, 2
′
-bipyridine from aqueous solutions on a new
nano sorbent by an in situ UVspectroscopic technique in rela-
tion to wastewater purification. This is in continuation of a se-
ries ofwork being carried out in our laboratories for the removal
of various groups of hazardous compounds, such as aromatic
hydrocarbons [35,36], phenolics [37,38], heterocyclics [39,40],
heavy metals [40,41] and dyes [42].
2. Experimental
2.1. Materials
The reactants used in this studywere tetraethyl orthosilicate
(TEOS) as a silica source, cetyltrimethylammonium bromide
(CTAB) as a surfactant, sodium hydroxide (NaOH), deionized
water for synthesis of mesoporous silica (SBA-3), sucrose as
a carbon source, sulfuric acid as a catalyst for synthesis of
mesoporous carbon, CuSO4 · 5H2O, orthophenanthroline [OP;
1, 10-phenanthroline (C12H8N2 ·H2O)] and 2, 2′-bipyridine [BP;
2, 2-bipyridyl (C10H8N2)]. The reactantswere of analytical grade
from Merck (Germany).
2.2. Methods
2.2.1. Synthesis of mesoporous silica (SBA-3)
SBA-3 was prepared according to the synthesis procedure
described by Huo et al. [32]. The SBA-3 molecular sievewas prepared as follows: Cetyltrimethylammonium bromide
(CTAB) and tetraethyl orthosilicate (TEOS) were used as
surfactant and silica sources, respectively. An aqueous solution
of HCl (Baker, 37%) was used to adjust the pH value of the
reactionmixture. One gramof CTAB and15ml ofHCl (37%)were
dissolved in 47 ml of deionized water. TEOS (4.45 ml) was then
added dropwise to the acidic CTAB solution while it was stirred
at 400 rpm and 30 °C. After 1 h, the resultant white precipitate
(as-synthesized SBA-3) was filtered without washing and dried
at 100 °C overnight. The as-synthesized SBA-3 powder was
calcined at 550 °C in air for 5 h before characterization. The
heating rate to 550 °C was 1 °C min−1.
Ordered carbon replica (Ordered Mesoporous Carbon
(OMC)) was prepared as follows: 1.25 g sucrose and 0.14 g
H2SO4 in 5.0 g H2Owere dissolved, and this solution was added
to 1 g SBA-3. The sucrose solution corresponded approximately
to the maximum amount of sucrose and sulfuric acid that could
be contained in the pores of 1 g SBA-3. The resultant mixture
was dried in an oven at 100 °C and, subsequently, the oven tem-
perature was increased to 160 °C. After 6 h at 160 °C, the SBA-
3 silica containing the partially carbonizing organic mass was
added to an aqueous solution consisting of 0.75 g sucrose, 0.08 g
H2SO4 and 5.0 g H2O. The resultant mixture was dried again at
100 °C and, subsequently, the oven temperature was increased
to 160 °C. The color of the sample turned dark brown or nearly
black. This powder sample was heated to 900 °C under vacuum
using a fused quartz reactor equipped with a fritted disk. The
carbon–silica composite thus obtained was washed twice with
1MNaOH solution of 50% ethanol–50%H2Oandheated to 90 °C,
in order to dissolve the silica template completely. The carbon
samples obtained after the silica removal was filtered, washed
with ethanol and dried at 120 °C.
2.2.2. Material modification
40 g of OMC were immersed in a 0.05 M solution of CuSO4
at 70–80 °C for 6 h. The modified carbon was then dried
at 115 °C overnight. In order to study the immobilization
of Cu(II) on nanoporous carbon, Cu2+-OMC was dissolved
with a specific amount of mixture of sulfuric and nitric acid,
and then, 2 ml of the analyte were aspirated into the flame
atomic absorption spectrometer. The loaded amount of Cu(II)
on carbon nanoporous was found to be 0.1 mmol g−1.
2.2.3. Material characterization
The X-ray powder diffraction patterns were recorded on
a Philips 1830 diffractometer using Cu–Kα radiation. The
diffractograms were recorded in the 2θ range of 1–10 with a 2θ
step size of 0.018° and a step time of 1 s. Adsorption–desorption
isotherms of the synthesized samples were measured at
−196 °C on a Micromeritics model ASAP 2010 sorptometer to
determine an average pore diameter. Pore size distributions
were calculated by the Barrett–Joyner–Halenda (BJH) method,
while the surface area of the sample was measured by the
Brunauer–Emmet–Teller (BET) method.
2.3. Experiments
2.3.1. Adsorption studies
Batch adsorption experiments were performed by contact-
ing a known amount of the adsorbent (0.005–0.02 g) with
25ml of the aqueous solution of different initial concentrations
(10, 30, 50, 70, 90, 100, 110, 120 mg L−1). The experiments
were performed in a 100 ml stoppered conical flask. The con-
ical flasks were then kept on a rotary shaker for a period of
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The flasks were then removed from the shaker and the final
concentration of the solution was analyzed. The samples were
filtered prior to analysis in order to minimize interference of
carbon particles with the analysis. Each experiment was du-
plicated. The remaining concentrations of orthophenanthroline
and 2, 2
′
-bipyridine in each sample after adsorption at differ-
ent time intervals were determined by UV-spectrophotometer
(UV mini 1240 shimadzu), at wavelengths of 227 and 280 nm,
respectively, after filtering the adsorbent with Whatmen filter
paper tomake it carbon free. The batch processwas used so that
there is no need for volume correction. The amount of adsorbate
adsorbed at equilibrium per unit mass of adsorbent, qe, was cal-
culated by Eq. (1):
q = (Co − Ce) Vm , (1)
where V is the volume of the adsorbate solution in L; Ce and
Ce are the initial and equilibrium concentrations in mg L−1,
respectively, and m is the mass (g) of adsorbent in grams. Eq.
(1) gives qe in milligrams of adsorbate per gram of adsorbent.
Two replicates per sample were made and the average results
are presented. The effect of adsorbent dosages (0.25–1 g L−1)
on the equilibrium adsorption of orthophenanthroline on
the adsorbent was investigated by employing different initial
concentrations (10, 30, 50, 70, 90, 100, 110, 120 mg L−1).
2.3.2. Adsorption kinetics
To measure the adsorption kinetics of OP and BP onto
adsorbents, 25 ml of adsorbate solution with an initial
concentration of 100 ppm were introduced into the flask and
mixed with 0.01 g of Cu2+-OMC. The solution was stirred
continuously at 25 °C. Samples were taken from the solution
by fast filtration at different time intervals. The concentration
of adsorbate in the residual solution was determined and the
amount of adsorption (qt ) was calculated according to Eq. (2).
qt = (Co − Ct) VW , (2)
where qt is the amount of adsorption at time t , C0 is the
initial concentration of adsorbate in the solution, Ct is the
concentration of adsorbate in the solution at time t , V is the
volume of the solution, andm is the mass of Cu2+-OMC.
3. Results and discussions
3.1. Adsorbent used
TheX-RayDiffraction (XRD) patterns in the range of 1.0–10.0
2θ of ordered mesoporous material, and the functionalized
sample, Cu2+-OMC, are shown in Figure 1. A peak at 2θ = ca.
2.90 suggests that the resulting carbon replica has an ordered
mesostructure. This conforms to the observation in the litera-
ture [34], and suggests that some micropores cross-link with
the primary cylindrical mesopores in SBA-3. The XRD pat-
terns showwell-resolved reflections indicating that OMCnicely
maintains its original structure even after the modification. For
Cu2+-OMC, the ordered mesostructure was maintained well,
but the XRD reflections become less pronounced, which might
be due to the partial damage of the mesoporous structure or
due to the decreased contrast betweenwalls and pores because
of the cleavage of the carbon species from the pore walls. But,
the XRDpatterns indicate that two samples have highly ordered
uniform mesopores.Figure 1: XRD patterns of OMC (a) and Cu2+-OMC (b).
Figure 2: Adsorption–desorption isotherms of nitrogen at−196 °ConOMCand
Cu2+-OMC.
Table 1: Textural parameters of the OMC and Cu2+-OMC employed in this
study.
Adsorbent d spacing (nm) ABET (m2 g−1) Vp(cm3 g−1)
OMC 2.300 125.600 0.120
Cu2+-OMC 2.100 72.800 0.100
The nitrogen adsorption–desorption isotherms for meso-
porous carbons are shown in Figure 2. For the parent systems,
OMC and Cu2+-OMC, the isotherms are intervenient between
types I and IV, and show a significant desorption hysteresis,
characteristic of mesoporous materials. Moreover, the shape
of isotherms obtained for the samples suggests that these ma-
terials have mesopores of small sizes close to the micropore
region. The physical parameters obtained from the nitrogen
isotherms, such as the Brunauer–Emmett–Teller surface area
(SBET), total pore volume and average pore diameter, for the
mesoporous carbons, are shown in Table 1. Thenarrowpore size
distributions centered at about 2.3 nm for OMC and 2.1 nm for
Cu2+-OMC clearly demonstrate that during the preparation of
Cu2+-OMC, the mesopore structure of OMC did not alter. Af-
ter functionalization, reductions in the SBET, pore volume and
average BJH pore diameter were observed (Table 1) and these
changes may be due to the presence of pendant groups on the
surface partially blocking the adsorption of nitrogenmolecules.
3.2. Adsorption studies
3.2.1. Effect of contact time and concentration of adsorbate
It is clear from Figures 3 and 4, that the amount of the
adsorbed OP and BP onto Cu2+-OMC increases with time, and
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thophenanthroline on Cu2+-OMC at different initial concentrations
(agitation speed = 150 rpm, adsorbent dosage = 0.4 g L−1 and T = 25 °C).
Figure 4: Effect of initial bipyridine concentration on uptake of bipyridine
on Cu2+-OMC at different initial concentrations (agitation speed = 150 rpm,
adsorbent dosage = 0.4 g L−1 and T = 25 °C).
then reaches a constant value. At this point, the amount of OP
and BP desorbing from the adsorbent is in a state of dynamic
equilibrium with the amount of OP and BP being adsorbed
onto the mesoporous carbon. The time required to attain
this state of equilibrium is termed equilibrium time, and the
amount of OP and BP adsorbed at the equilibrium time reflects
the maximum adsorption capacity of the adsorbent under
the operating conditions. It was observed that the adsorption
process is instantaneous and equilibrium is attained within five
minutes (Figures 3 and 4). Therefore, a shaking time of 10 min
was selected for all further studies. The quick establishment
of equilibrium indicates the high adsorption capacity of Cu2+-
OMC for OP and BP. The equilibrium time is one of the
most important parameters required in wastewater treatment
systems.
To determine proper OP and BP adsorption and equilibrium
time, initial concentrations of OP and BP solutions were
changed, and different time intervals were assessed until no
adsorption of adsorbates onto mesoporous carbons takes place.
The adsorption data for the uptake of OP and BP versus contact
time at different concentrations are presented in Figures 3 and
4. The results indicate that the actual amount of OP and BP
adsorbed per unit mass of mesoporous carbons increases with
an increase in OP and BP concentrations. This is due to an
increase in the driving force of the concentration gradient.Figure 5: Effect of adsorbent dose for adsorption of OP on Cu2+-OMC
(initial concentration = 100 mg L−1 , contact time = 5 min and T = 25 °C).
Figure 6: Effect of adsorbent dose for adsorption of BP on Cu2+-OMC
(initial concentration = 100 mg L−1 , contact time = 5 min and T = 25 °C).
3.2.2. Effect of doses of adsorbents
Figures 5 and 6 show the adsorption percent and the
adsorption capacity (qe) of 1, 10-phenanthroline and 2, 2
′
-
bipyridine as a function of Cu2+-OMC dose. (The removal
percentage was determined by Eq. (3).) It is clear that the
increase in Cu2+-OMC dose results in an obvious increase of
OP and BP adsorption percentage. With an increase in Cu2+-
OMC dose from 0.2 to 0.8 g L−1, the phenanthroline sorption%
increased rapidly from 77.7% to 91.7%. This is because of the
increased number of adsorption sites due to increasing the
adsorbent dose. On the other hand, the plot of the adsorption
capacity (qe) revealed that the adsorption capacity was high
at low doses and reduced at high doses. There are many
factors that can contribute to this adsorbent concentration
effect. The most important factor is that adsorption sites
remain unsaturated during the adsorption. This is due to the
fact that as the dose of adsorbent is increased, there is less
commensurate increase in adsorption resulting from the lower
adsorptive capacity utilization of the adsorbent [43–45]. It is
clear that the number of available adsorption sites increases
by increasing the adsorbent dose, which results in an increase
in the amount of adsorbed phenanthroline molecules. The
decrease in adsorption capacity with an increase in adsorbent
dosage is mainly because of the unsaturation of the adsorption
sites through the adsorption process [43–45].
Removal % = (Co − C)× 100/C0. (3)
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(contact time = 5 min, agitation speed = 150 rpm, adsorbent dosage = 0.4
g L−1 , ambient temperature = 25± 2 °C).
Figure 8: Adsorption isotherm for BP removal on Cu2+-OMC and OMC
(contact time = 5 min, agitation speed = 150 rpm, adsorbent dosage = 0.4
g L−1 and ambient temperature = 25± 2 °C).
3.2.3. Effect of chemical modification of adsorbents
In order to evaluate the efficacy of the prepared adsorbents,
the equilibrium adsorption of the PANHs was studied as a func-
tion of equilibrium concentration. The adsorption isotherms
of orthophenanthroline and 2, 2
′
-bipyridine on Cu2+-OMC and
OMCare shown in Figures 7 and 8. It is clear that the order of ad-
sorption in terms of the amount adsorbed (mg g−1) on different
adsorbents is: Cu2+-OMC > OMC.
This is due to the formation of the relatively stable
complexes between Cu(II) ions, located inside and at the
entrance of the mesopores, and orthophenanthroline and 2, 2
′
-
bipyridine in solution. It may be that the presence of Cu(II) ions
causes the change in the surface chemistry and porosity of the
adsorbent, which affects the sorption behavior of analytes.
3.2.4. Adsortion analysis through isotherms
It is necessary to establish themost appropriate correlations
for the equilibrium data in the design of adsorption systems.
Two common isotherm equations have been tested in the
present study: Langmuir and Freundlich models [46,47].
Applicability of the isotherm equations was compared by
judging the correlation coefficients, R2:
Langmuir : Ce/qe = 1/ (KLqm)+ (1/qm)Ce, (4)
Freundlich : ln qe = ln Kf + (1/n) ln Ce. (5)Table 2: Langmuir and Freundlich constants for adsorption of OP and BP on
Cu2+-OMC.
Analyte Langmuir Freundlich
qm
(mgg−1)
KL
(Lmg−1)
R2 Kf [(mgg−1)
(mg−1)1/n]
1/n(−) R2
OP 250 0.166 0.990 38.359 0.509 0.966
BP 200 0.208 0.998 36.234 0.449 0.862
Table 3: Kinetic parameters for the removal of OP and BP by Cu2+-OMC.
Analyte First-order kinetic model Second-order kinetic
model
qe
(mgg−1)
K1(min)−1 R2 qe(mgg−1) K2(min)−1 R2
OP 144.211 0.665 0.982 250 0.005 0.998
BP 116.680 0.552 0.996 200 0.006 0.998
In Eq. (4), qe (mg g−1) is the amount adsorbed at equilibrium
concentration Ce (mg L−1), qm (mg g−1) is the Langmuir
constant representing maximum monolayer capacity and KL is
the Langmuir constant related to energy of adsorption. From a
plot of Ce/qe vs Ce, qm and KL can be determined from the slope
and intercept. In Eq. (5), Kf is a constant for the system, related
to the bonding energy. Kf can be defined as the adsorption or
distribution coefficient and represents the quantity ofOP andBP
adsorbed onto adsorbents for a unit equilibrium concentration.
The slope, 1/n, ranging between 0 and 1, is a measure for the
adsorption intensity or surface heterogeneity [48]. A value for
1/n below one indicates a normal Langmuir isotherm, while
1/n above one is indicative for a cooperative adsorption [49].
A plot of ln qe vs ln Ce enables the empirical constants, Kf
and 1/n, to be determined from the intercept and slope of
the linear regression. Table 2 presents the results of Langmuir
and Freundlich isotherm fits of orthophenanthroline and 2, 2
′
-
bipyridine at 25 °C. It is clear that the Langmuir model yields a
somewhat better fit than the Freundlich model, as reflected by
correlation coefficients (R2) of 0.990 and 0.966, respectively.
3.2.5. Adsorption kinetics
A study of adsorption kinetics is desirable as it provides
information about the mechanism of the process. Adsorption
kinetics can be modelled by several models, the pseudo-first-
order and pseudo-second-order rate equations given as:
log(qe − qt) = log qe − k1t/2.303, (6)
t/qt = 1/k2q2e + t/qe, (7)
where qe and qt are the amounts of adsorbed OP and BP at
equilibrium and any time t (mg g−1), respectively, k1 is the
equilibrium rate constant of the first-order sorption (min−1),
and k2 represents the pseudo-second-order rate constant
(g mg−1 min−1). Figure 9a and b present the results of fitting
the experimental data with pseudo-first-order and pseudo-
second-order models, respectively. As seen, the first model
does not work well; the kinetics and the regression coefficients
are less than those obtained from the second-order kinetic
models (Table 3). Figure 9b shows that the pseudo-second order
model fits the adsorption kinetics data very well. The pseudo-
second-order model involves the whole process, such as the
solid-solution interface adsorption and diffusion, which really
expresses the mechanism of adsorption.
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kinetics of OP and BP uptake by Cu2+-OMC.
4. Conclusions
Fast and efficient removal of orthophenanthroline and
2, 2
′
-bipyridine has been demonstrated on Cu+2-modified
mesoporous carbon (Cu2+-OMC) prepared through wet im-
pregnation of OMC by CuSO4 · 5H2O. The structural order and
textural properties of OMC and Cu2+-OMC were characterized
by XRD and nitrogen adsorption. The characteristic results indi-
cated that the modification was successfully done and the pore
structure of OMC was almost kept unaltered. Batch adsorption
studies were carried out to study the effect of various param-
eters like adsorbent dose, initial concentration, contact time
and chemical modification. Adsorption behaviour is described
by a monolayer Langmuir type isotherm. Kinetic data follows
a pseudo second-order kinetic model. The adsorption process
was fast enough, asmaximum removal took placewithin 5min,
due to the formation of the relatively stable complexes between
Cu(II) ions, located inside and at the entrance of the mesopores.
These results provide a basis for further applications of Cu+2-
modified mesoporous carbons as adsorptive substrates for
adsorptive purposes, preconcentrators and even for chromato-
graphic purposes.
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